Temperature dependence of oxygen-and clumped isotope fractionation in carbonates: a study of travertines and tufas in the 6-95°C temperature range, Geochimica et Cosmochimica Acta (2015), doi: http://dx.doi.org/10.1016/j.gca. 2015.06.032 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. calibrations. For this reason there is a need to better understand the controls on isotope 25 fractionation especially on natural carbonates. In this study we analyzed oxygen, carbon and 26 clumped isotopes of a unique set of modern calcitic and aragonitic travertines, tufa and cave 27 deposits from natural springs and wells. Together these samples cover a temperature range 28 from 6 to 95°C. Travertine samples were collected close to the vents of the springs and from 29 pools, and tufa samples were collected from karstic creeks and a cave. The majority of our 30 vent and pool travertines and tufa samples show a carbonate-water oxygen isotope 31 fractionation comparable to the one of Tremaine et al. (2011) 
At some sites the deposition rate could be calculated using the weight of carbonate deposited 279 on plexiglass substrates. The amount of modern travertine deposited on the plexiglass 280 substrates was determined by measuring the weight increase of the substrates. The detailed 281 description of the calculation can be found in Liu et al. (2010) and in Yan et al. (2012) . In 282 cases where the placement of substrates was not possible the deposition rate (log R) was 283 estimated based on the size of the carbonate deposit. An annual change of the local carbonate 284 depositional morphology imply an intensive-to-moderate precipitation rate (cm/year), while a 285 slightly modified morphology implies a moderate-to-low precipitation rate (mm/year). 286
Considering the high deposition rates, the ages of sampled carbonates are estimated to be at 287 maximum several days for travertines or a few months for tufa. 288 289
X-ray diffraction, electron microprobe, and stable isotope analyses 290 291
The mineralogy of all carbonate samples was determined by X-ray powder diffraction (XRD) 292 using a Philips PW 1710 diffractometer (with CuKα radiation at 45 kV and 35 mA) at the 293 Institute for Geological and Geochemical Research, Hungarian Academy of Sciences (IGGR-294 HAS, Budapest). Semi-quantitative phase analysis was made on randomly oriented samples 295 using the peak area of calcite 104 and aragonite 111 reflections (Bárdossy et al., 1980) . The 296 relative error of the quantification is 5-10%. The mineralogy of some samples has been 297 determined at ETH Zürich using a Bruker AXS D8 Advance instrument. In order to determine 298 the size of individual crystals from the travertine deposits, electron microprobe analyses were 299 carried out at IGGR-HAS using a JEOL JXA-733 instrument. 300
All carbonate samples were powdered and homogenized using an agate mortar and pestle. 301
Carbon and oxygen isotope analyses of bulk carbonate samples were carried out as part of the 302 clumped isotope analyses with a Thermo Fisher Scientific Kiel IV preparation device coupled 303 to a Thermo Fisher Scientific MAT 253 isotope ratio mass spectrometer. For oxygen and 304 carbon isotopes the performance of the instrument was monitored with the 4 internal 305 -18.76‰), which are measured daily to carry out the corrections for clumped isotopes (see 308 below). The composition of these internal standards was determined using NBS 19 (d 13 period were monitored and corrected for with a transfer function based again on the four 357 standards, which strongly differ in bulk isotopic composition and ordering state. of the regressions were calculated according to Sachs (1984 and gypsum crystals (100-150 μm) are also present in some samples (Fig. 4) Figure 5A we plotted the 417 carbonate-water 1000lna values against temperature. The regression through the travertines 418 alone (diamonds and squares) shows a steeper slope than commonly observed in carbonates 419 (Table 1) . 431
When plotted against temperature (Fig. 6A, B) , all samples show a very good fit in spite of 432 the different depositional environments. In addition, we did not observe a systematic 433 difference between calcite and aragonite samples (Fig. 6B ). For comparison we also analyzed 434 three biogenic carbonates, which were previously analyzed for Δ 47 have generally very high precipitation rates (see below), which could lead to lower apparent 472 oxygen isotope fractionation, no significant difference between the calcite-water and 473 aragonite-water oxygen isotope fractionation is observed (Fig. 5B) . distance from the discharge point and the samples scatter around the travertine regression 502 (Fig. 6A) . The lack of any systematic downstream effect on Δ 47 may be explained by the 503 relatively constant water temperatures along the stream and relatively low precipitation rates. 504
This shows that there is no significant influence of kinetic fractionation effects on Δ 47 in these 505 tufa samples. It is also noteworthy that the three biogenic samples analyzed fit very well on 506 the calibration line (Fig. 6A ), indicating that this calibration is potentially useful also for 507 biogenic materials. 508
Comparison with other published T-Δ 47 calibrations (Fig. 8) (2014) . In view of these unknowns, it is important to 523 increase the efforts to understand the origin of these differences including interlaboratory 524 calibration exercises and studies of other possible causes for discrepancies such as the sample 525 to acid ratio and/or factors influencing the re-equilibration of CO 2 with water during the 526 digestion (Defliese et al., 2015) . Considering the systematic differences in the slopes of the 527 calibrations obtained with different analytical setups it is important that the calibration used to 528 calculate temperatures was produced with a similar system as used for the samples. One 529 advantage of the high-temperature digestions at 70 and 90°C is the increased reaction rate that 530 improves the sample throughput and allows an automatisation of the extraction system (e.g. (Kele et al., 2011) . If 552 the spring discharges inside a pool, deposition can take place on the surface of the pool in 553 form of calcite rafts (Fig. 1A) . Deposition can also occur at the bottom or at the pool rim. 554
Although the mechanism and rate of precipitation in the pools is different from vents (much 555 lower precipitation rate in the pools), Δ 47 data of pool travertine agree well with the vent 556 travertine calibration curve (Fig. 1A) or dehydroxylation of carbonic acid or bicarbonate (respectively), followed by outgassing of 572 dissolved CO 2 . In Figure 9B we cross-plot the deviation of 1000lna and Δ 47 from the 573 respective regression curves to evaluate if positive offsets in d
18 O are systematically 574 correlated with negative offsets in Δ 47 . We point out that calculating the deviation from the 575 regression line does not necessarily imply that the observed correlation represents isotopic 576 equilibrium. However the excellent correlation with temperature strongly suggests that 577 temperature is the dominant control on both Δ 47 Fig. 9B ), and the average 1000lna offset of travertines is 0.647‰ (» 3.5°C). 583
The mean D 47 value of the slowly precipitating subaqueous Devils Hole vein calcite, which 584 has been assumed to grow under isotopic equilibrium conditions (Coplen, 2007 ; Kluge et al., 585 2014b), locates slightly above (but within the confidence limits of) the empirical travertine 586 curve (Fig. 6A ). This offset is in line with initial results from a laboratory inter-comparison 587 study using the four carbonate standards that suggest that Δ 47 results at Yale University tend 588 to be higher than at ETH (by 0.007 -0.045‰; average = 0.025 ‰). Considering the current 589 uncertainties in interlaboratory data comparability, these data suggest that vent and pool 590 travertines, which are the least likely to be affected by kinetic fractionation based on previous between aragonite and calcite is between 0.017‰ (278 K) and 0.0095‰ (363 K) for the 604 temperature range covered in our study. Our sample set contains pure calcitic, almost pure 605 aragonitic and mixed calcitic-aragonitic samples (Table 1 ). The aragonite-rich samples from 606 Palagio (22.7°C, 99% aragonite) and the other samples with aragonite contents above 80% 607 which were precipitated at temperatures >56°C, all fit within analytical error onto the 608 regression line from all samples (Fig. 6B) In case of the studied travertines the precipitation rate (log R) is variable. At places where log 652 R was measured directly, it varied between 0.06 and 28.5 mg/cm 2 /day. The highest 653 precipitation rate was measured at the Terme San Giovanni fissure ridge (28.5 mg/cm 2 /day) 654 coinciding with the highest positive offset from our empirical calibration curve (Table 1, Figs.  655 6A, 11A). At other places (e.g. Bük, Narrow Gauge springs, Szalajka Creek) precipitation 656 rates are high and D 47 shows also higher values relative to the calibration line (Fig. 6A) but 657 other samples with high precipitation rates (e.g. Tura, Köröm, Igal) plot below the calibration 658 line. Δ 47 offsets of all travertine and tufa samples calculated relative to water temperature 659 using eq. 1 show no correlation with precipitation rate (Fig. 8B) . Where direct measurements 660
were not possible we qualitatively differentiate sites with low, moderate, high, and very high 661 (cm-to-m/year, comparable to surface corals) deposition. As can be seen in Figure 11B there 662 is no clear correlation between the offset from the calibration regression and the precipitation 663 rates. The morphology of deposited crystals can be affected by their precipitation rate and 664 potentially be used to estimate precipitation rate in case of inactive travertines. However, 665 crystal size can also vary due to several other influencing factors, such as water flow rates or 666 solution chemistry, which can vary through time. To conclude, our data suggest that 667 precipitation rate has no detectable or only minor effects on the D 47 values of these carbonates. 
